We address the controversy over the spin transport mechanism in Alq 3 utilizing spin pumping in the Y 3 Fe 5 O 12 =Alq 3 =Pd system. An unusual angular dependence of the inverse spin Hall effect is found. It, however, disappears when the microwave magnetic field is fully in the sample plane, excluding the presence of the Hanle effect. Together with the quantitative temperature-dependent measurements, these results provide compelling evidence that the pure spin current transport in Alq 3 is dominated by the exchange-mediated mechanism. DOI: 10.1103/PhysRevLett.115.086601 PACS numbers: 72.25.Dc, 72.25.Pn, 85.65.+h The study of spin injection, transport, and detection in organic semiconductors (OSCs) has drawn great interest owing to their strong potentials in spintronic application as well as the fundamental understanding of the spin transport mechanism [1] . The injection and detection of spin-polarized carriers in OSCs were successfully demonstrated by various approaches such as two-photon photoemission [2] , muon spin rotation [3], spin-polarized organic light emitting diodes [4] , and the isotope effect [5] . Despite rapid experimental progress, the basic mechanism remains debated [6, 7] . For instance, even though the observation of giant magnetoresistance (MR) in organic spin valves (OSVs) requires spin injection, transport, and detection by electrical means [8] , it has still been argued that the MR may originate from spin transport through pinholes, tunneling MR, or tunneling anisotropic MR, rather than giant MR [9, 10] . The presence of the Hanle effect is considered to be the proof of electrical spin detection [11] . (The Hanle effect has been used to prove electrical spin detection in inorganic materials [12] [13] [14] ). Despite many attempts, no clear evidence is shown for the presence of the Hanle effect in OSV [15, 16] . To explain this, a new theory was proposed [17] that differs from prior hopping-based proposals, such as the hyperfine interaction (HFI) [18, 19] and the spin-orbit coupling (SOC) [20] . It suggests that the spin transport is due to an exchange-interaction between polarons, which is much faster than the carrier mobility. Therefore, a much stronger magnetic field is needed to observe the Hanle effect than that estimated from the carrier mobility. Experimental evidence of the exchange-mediated mechanism, however, is still missing.
The study of spin injection, transport, and detection in organic semiconductors (OSCs) has drawn great interest owing to their strong potentials in spintronic application as well as the fundamental understanding of the spin transport mechanism [1] . The injection and detection of spin-polarized carriers in OSCs were successfully demonstrated by various approaches such as two-photon photoemission [2] , muon spin rotation [3] , spin-polarized organic light emitting diodes [4] , and the isotope effect [5] . Despite rapid experimental progress, the basic mechanism remains debated [6, 7] . For instance, even though the observation of giant magnetoresistance (MR) in organic spin valves (OSVs) requires spin injection, transport, and detection by electrical means [8] , it has still been argued that the MR may originate from spin transport through pinholes, tunneling MR, or tunneling anisotropic MR, rather than giant MR [9, 10] . The presence of the Hanle effect is considered to be the proof of electrical spin detection [11] . (The Hanle effect has been used to prove electrical spin detection in inorganic materials [12] [13] [14] ). Despite many attempts, no clear evidence is shown for the presence of the Hanle effect in OSV [15, 16] . To explain this, a new theory was proposed [17] that differs from prior hopping-based proposals, such as the hyperfine interaction (HFI) [18, 19] and the spin-orbit coupling (SOC) [20] . It suggests that the spin transport is due to an exchange-interaction between polarons, which is much faster than the carrier mobility. Therefore, a much stronger magnetic field is needed to observe the Hanle effect than that estimated from the carrier mobility. Experimental evidence of the exchange-mediated mechanism, however, is still missing.
A relatively new development in spintronics is the generation, propagation, and detection of the pure spin current [21] . A pure spin current is a flow of spin angular momentum without an accompanying charge current. It opens new opportunities to create spin-based devices of low energy consumption [22, 23] . Moreover, the pure spin current can be efficiently injected into semiconductors to circumvent the conductivity mismatch problem [24] . Recently, a pure spin current generated by ferromagnetic resonance (FMR) excitation of a Permalloy electrode, known as the spin pumping effect, was demonstrated to be injected into and propagate in a semiconducting polymer and then detected by Pt via the inverse spin Hall effect (ISHE) [25] . In the measurements, the authors found an interesting angular dependence of the ISHE voltage V ISHE and explained it with the Hanle effect [17] .
In this Letter, we demonstrate an exchange-dominated pure spin current transport in the small molecule tris-(8-hydroxyquinoline) aluminum (Alq 3 ) pumped from Y 3 Fe 5 O 12 (YIG) and detected by Pd via the ISHE. For a large sample placed on top of a coplanar waveguide (CPW), we observed an unusual angle dependence of V ISHE . For a control sample with size smaller than the signal-line width, this unusual angle dependence disappeared. Only a cosine angular dependence is found when the magnetic field H rotates out of the sample plane. When H rotates within the sample plane, it follows a cosine cubic function. The findings exclude the Hanle effect as the origin of the unusual angle dependence of V ISHE in large samples. Furthermore, we find that V ISHE is almost independent on temperature T ¼ 8-300 K, which is only expected for exchange-mediated spin transport. Our findings evidence that the pure spin current transport in Alq 3 is dominated by the exchange-mediated mechanism.
We chose YIG as the pure spin current source due to its extremely low damping [26, 27] . A 4-μm-thick singlecrystalline YIG film was grown on a Gd 3 Ga 5 O 12 (GGG) (111) substrate by liquid phase epitaxy with a roughness of ∼0.6 nm [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . We reused the same YIG film multiple times without any apparent degradation in the measurements after ultrasonically cleaning it in acetone, ethanol, and deionized water in sequence. The Alq 3 films were thermally evaporated at room temperature at a rate of 0.06 nm=s. Without breaking vacuum, a 10-nm-thick Pd stripe (0.1 × 4 mm 2 ) was deposited through a shadow mask by indirect e-beam evaporation as it can significantly reduce the penetration of metal atoms into an OSC and improve the sample reproducibility [43] . To rule out the possibility of the formation of pinholes in Alq 3 , a La 0.7 Sr 0.3 MnO 3 =Alq 3 ð20 nmÞ=Pd control sample with the same active area was fabricated. Similar to the previous reports, [15] the current-voltage curves exhibit linear behavior at low voltage (<0.1 V), and nonlinear behavior at high voltage (>0.1 V) [28] , indicating the pinhole-free Alq 3 layer. From the linear region, we estimate the polaron concentration to be 10 18 -10 19 cm −3 , comparable to the estimation from the electron spin resonance (ESR) measurements [28] . Figure 1 shows a schematic illustration of the spin pumping induced spin injection, transport, and detection in a YIG=Alq 3 =Pd device. The YIG magnetic moment M precesses upon microwave excitation. The precession pumps a pure spin current j s into the adjacent Alq 3 layer [24, 25] . The pure spin current has its spin axis σ parallel to precession axis. After propagation and relaxation in Alq 3 , j s is converted into a charge current j c via the ISHE in Pd. The lock-in amplifier picks up a voltage signal V ISHE ∝ j c . The samples were placed upside down in the center of a CPW and electrically isolated from CPW by a polymer solder resist layer. As depicted in Fig. 1 , θ H and φ H are defined as the angles between H and the x axis in the xz plane and xy plan, respectively. The CPW comprises a 1-mm-wide signal line with 0.12-mm-wide gaps between the signal and ground lines. The microwave signal was modulated at 51.73 kHz. Figure 2 (a) presents the microwave absorption spectra extracted from the transmission coefficient (ΔS 21 ) of the scattering parameters for YIG=Alq 3 ð50 nmÞ=Pd at frequency f ¼ 5 GHz and input power P in ¼ 1 mW, with H applied along the x axis at room temperature. Figure 2(b) shows V ISHE for the same sample at f ¼ 5 GHz and P in ¼ 540 mW at room temperature. A voltage signal is observed around the resonance field H r ≈ 1.10 kOe, while no signal was observed in a YIG=Alq 3 ð50 nmÞ=Cu (10 nm) control sample [ Fig. 2(c) ], indicating that V ISHE is induced by the spin pumping from YIG and ISHE of Pd. V ISHE is proportional to P in for f ¼ 5 GHz [inset of Fig. 2(b) ]. This is consistent with a direct-current spin-pumping model and indicates that the system is in the linear regime [44, 45] .
In spin pumping measurements, several artificial signals could be induced by either the magnetoelectric or thermoelectric effects [45] [46] [47] [48] . We excluded these artifacts as follows. First, since the Alq 3 layer between YIG and Pd is relatively thick, a proximity-induced ferromagnetic Pd is unlikely; hence, magnetoelectric effects, such as the spin rectification effect, anomalous Hall effect, or anomalous Nernst effect in Pd can be ruled out. Second, the Seebeck effect depends on the temperature gradient ∇T but not H. V ISHE is observed to reverse sign when H changes its direction 180°[ Fig. 2(b) ], ruling out the Seebeck effect. In fact, such behavior is a characteristic of the spin-pumpinginduced ISHE [49] . Third, a 20-nm-thick MgO layer is inserted between YIG and Alq 3 , which is thick enough to block the spin current while the in-plane ∇T induced by the spin-wave heat conveyor [50] on YIG is maintained in Pd. The voltage signal disappears with the MgO insertion [ Fig. 2(c) ], ruling out the spin-wave heat conveyor effect induced Seebeck effect. In addition, the f-dependent measurement can be fitted to the Kittel formula [51] :
where γ is the gyromagnetic ratio and M s is the saturation magnetization [28] .
and 4πM s ¼ 0.196 T were obtained from the fitting, which are consistent with the material parameters of YIG [52] , indicating that V ISHE is related to the YIG FMR. ∇T on YIG can be generated by the microwave heating in resonance condition, resulting in the spin Seebeck effect (SSE) in YIG [53] and hence additional ISHE voltage. Since ∇T is sensitive to the environment, the SSE is expected to have strong T dependence [28] . As will be discussed below, our measured signal is almost independent on T, suggesting the negligible contribution from the SSE. Therefore, we can identify the observed signal as being mainly caused by the spinpumping-induced ISHE.
Figures 3(a) and 3(b) show the angular dependent V ISHE with H rotating within the xz plane (θ H scan) and xy plan (φ H scan), respectively. In the θ H scan, we find the differences from previous reports for inorganic systems [45] . When H is tilted out of plane, M is no longer collinear with H due to the shape anisotropy, i.e., θ M ≠ θ H , in which θ M is the angle between M and the sample plane [28] . We take this into account and find that V ISHE still cannot be described by a cos θ M function expected for ISHE [45] . We note that a similar unusual angular dependence of V ISHE was also observed in the previous report, which attributed it to the Hanle effect [25] . The findings were highlighted as "the first and clear fingerprint of the precessional nature of polaron spins in an applied magnetic field" [54] . The Hanle effect would suggest that the spin transport is not caused by the exchange mechanism [17] . The authors, however, found a sizeable signal and attributed its origin to the exchange mechanism [25] .
To crosscheck, we performed similar measurements with H rotating within the xy plane. In such a geometry, M should be parallel to H r ð> 1 kOeÞ, i.e., φ M ≅ φ H , because the crystalline anisotropy of YIG is weak. This means that the Hanle effect should disappear. Our measurements, however, show that V ISHE still cannot be fitted by a cos φ M function well [ Fig. 3(b) ]. This strongly suggests that the unusual angular dependence of V ISHE does not originate from the Hanle effect.
Organic materials typically cannot sustain the photolithography process, meaning relatively large sample size. As shown in Fig. 3(c) , the active area of our YIG=Alq 3 =Pd device is ∼4 × 0.1 mm 2 , which is much larger than the CPW signal-line width. The microwave magnetic field h should be nonuniformed in the sample. To check this, we performed a numerical simulation, using HFSS (High Frequency Structure Simulator, Ansoft Corp.), shown in Fig. 3(d) . Indeed, we find that the magnitude and direction of h varies dramatically around the gap between the signal and ground lines. By assuming the YIG film is placed in the center of the CPW and ∼0.1 mm above it, we estimate the ratio of the effective power with h acting on the y direction and z direction P y ∶P z to be: 1∶2.8, where P yðzÞ ∝ R V YIG h 2 yðzÞ dV. In FMR, the procession of M can only be excited by the component of h perpendicular to it, h ⊥ ¼ h × M=M, with the corresponding microwave power
Since j s is along the z direction and σ is parallel to M of YIG, V ISHE for H rotating in xz plane and xy plane can be expressed as
and
respectively. Utilizing Eqs. (1) and (2), we fitted our measured data [ Figs. 3(a) and 3(b) ]. The fittings reproduce the measured data well. They yield P y ∶P z to be 1∶2.9 and 1∶2.3 for the θ H scan and φ H scan, respectively. Both agree with the estimated value of 1∶2.8, suggesting that the angular dependence of V ISHE originates from the nonuniform microwave field rather than from the Hanle effect. From Eqs. (1) and (2), we learn that the angular dependence of V ISHE would be significantly different if the microwave is only excited in one direction. For instance, if only P y exists, V ISHE will have a cos θ M dependence in a θ H scan but a cos 3 φ M dependence in a φ H scan. To demonstrate this, the same device structure with an active area smaller than the signal line was fabricated. To achieve this, two 30-nm-thick MgO pads separated by a 0.3-mm-wide gap were deposited by e-beam evaporation using a shadow mask before depositing Alq 3 and Pd. This makes the sample's active area to be ∼0.3 × 0.1 mm 2 , which is smaller than the CPW signal line, as depicted in Fig. 4(c) . In this case, h should be almost uniform in the sample along the y direction. Figures 4(a) and 4(b) show the measured angular dependence of V ISHE similar to Figs. 3(a) and 3(b) , but with smaller sample size. Indeed, the angle dependence can be fitted by cos θ M in the θ H scan and cos 3 φ M in the φ H scan, as shown in Figs. 4(a) and 4(b) . These results confirm that there is no Hanle effect in the pure spin transport in Alq 3 . The absence of the Hanle effect suggests the pure spin transport is not dominated by the hopping transport based mechanisms, since the Hanle effect would be expected. Instead, it is consistent with the recently proposed exchange-mediated mechanism [17] .
To further understand the underlying mechanism, we performed T-dependent measurements. The spin diffusion PRL 115, 086601 (2015) P
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week ending 21 AUGUST 2015 086601-3 length λ s for the HFI mechanism is expected to increase with increasing T [19, 20] , while λ s for the SOC mechanism is predicted to decrease with increasing T when T < 80 K for Alq 3 [20, 55] . The exchange-mediated spin diffusion mechanism relies on quantum mechanical exchange coupling of spins that come close to each other on adjacent sites. It does not require physical carrier hopping, meaning that λ s is much less T dependent. Therefore, we studied the Alq 3 thickness (t) and T dependence of the normalized signalṼ ISHE , defined as V ISHE normalized by the microwave absorption.Ṽ ISHE decreases significantly with increasing t at T ¼ 300 K, shown in Fig. 5(a) . The spin current is expected to decay exponentially with t [8], j s ¼ j s ð0Þe −t=λ s . From the fitting, we obtained λ s ∼ 50 nm at T ¼ 300 K, which is comparable to the value measured in Alq 3 -based OSV at low temperature [8] .
In Fig. 5(b) , we show the typical T-dependentṼ ISHE for samples with various Alq 3 thickness (f ¼ 5 GHz, P in ¼ 540 mW, and θ H ¼ 0°). The results were normalized tõ V ISHE at 8 K. It remains almost unchanged with increasing T. We further extract λ s at different T and it is almost independent on T [inset of Fig. 5(b) ]. This finding excludes the SOC and the HFI as the dominant mechanism for the spin relaxation in Alq 3 since both involve T-dependent carrier hopping [18, 20] . Our results are consistent with the exchange-mediated mechanism in which spin transport is via the exchange between the localized carriers rather than hopping [17] . The estimated polaron concentration, 10 18 -10 19 cm −3 , also fulfills the condition required for the exchange mechanism [17] . In this model the spin is conserved and does not relax during the transport process, similar to spin-wave spin current transport in a magnetic insulator [23] . Therefore, λ s is only determined by the spin relaxation time of the local carriers, which is T independent, as measured by ESR and spin-1 2 photoluminescencedetected magnetic resonance [56, 57] . Moreover, this mechanism suggests that the Hanle effect cannot be observed [17] , consistent with our experimental finding.
In summary, we demonstrate the injection of a pure spin current into Alq 3 from the ferromagnetic insulator YIG utilizing the spin pumping approach from 8 to 300 K. λ s in Alq 3 is determined to be ∼50 nm in this temperature range. V ISHE shows an unusual angle dependence for large samples only. By comparing the results obtained with small samples, we identified the unusual angular dependence as originating from the nonuniformity of the microwave magnetic field of the CPW rather than the Hanle effect. The absence of the Hanle effect and temperature independence of λ s strongly support that the pure spin current transport in Alq 3 is dominated by exchange coupling between carriers. 
